We provide rigorous numerical calculations (using the rigorous coupled-wave analysis) of transmission spectra of various metallic and metamaterial one-dimensional gratings and identify plasmonic resonances responsible for enhanced transmission. We argue that the most important mechanism which influences the resonant transmission is the coupling of incident electromagnetic wave with two plasmonic waves: lengthwise plasmons, which propagates along the grating, and crosswise plasmons excited in air gaps.
I. INTRODUCTION

Surface plasmon
1,2 represents the basic eigenmode of a metallic grating. Thanks to the spatial periodicity of the grating, surface plasmons could be excited by incident electromagnetic (EM) wave. The interaction of these two waves (surface plasmon and incident wave) strongly influences the transmission properties of the periodic grating. Enhanced transmission of EM waves through periodic metallic gratings has been experimentally observed in Ref. 3 . Contrary, for very thin metallic gratings, transmission is smaller due to the absorption of plasmon energy 4 . Negative role of surface plasmons is also discussed in Ref. 5 . In this paper, we calculate the transmission of EM waves through various one-dimensional (1D) gratings and show that observed resonant frequency behavior of the transmission can be explained as an interaction of incident wave with excited plasmonic resonances. We distinguish two kinds of plasmons 6, 7 . The first one, lengthwise (LW) plasmon, which propagates along the grating surface and can be excited only when Bragg's relation between the wave vector of surface plasmon and grating period is fulfilled 2, 8 . These LW plasmons are also responsible for the extraordinary transmission through a single aperture, if the incident surface is periodically corrugated 9 . LW plasmon resonance appears as a sharp Fano-type peak in the spectrum. The second one, crosswise (CW) plasmon, is excited inside the gaps 10, 11 . CW plasmon resonance appears as a broad Fabry-Perot type maximum in the spectrum. We provide quantitative estimation of resonant frequencies for both plasmons and show that they are in good agreement with rigorously calculated transmission resonances.
The Paper is organized as follows: In Section II the transmittance of the EM wave through a metallic grating, calculated with the use of the rigorous coupled wave analysis (RCWA) 12 , is presented. In order to reveal the effect of grating geometry (grating thickness, grating period, width of gap), transmittance is calculated for different grating parameters. In Section III, observed resonances in the transmission spectra are interpreted as a coupling effect of incident EM wave with the surface plasmons excited on the surface of the structure or inside it. Section IV deals with the application of the model to lefthanded material gratings. Discussion of obtained results is given in Section V.
II. TRANSMISSION SPECTRA
The reference 1D metallic grating is shown in Fig. 1 . The grating is uniformly extended in the y-direction. Its thickness in the z-direction is d and its spatial period in the x-direction is p. The width of air gap is h. The metallic relative permittivity is ε m . The embedding medium is air with relative permittivity ε d = 1. The relative permittivity of the metal is given by the Drude's formula
where f p is the plasmon frequency and γ is the absorption coefficient. For our calculations f p = 2147 THz and γ = 5 THz, typical for Ag and Au 13 . Numerical simulations of the transmission were realized with our own numerical program based on the RCWA. In the RCWA, the structure is divided into multiple sandwiched layers along the direction of propagation. The permittivity is a periodic function of x in each sublayer. The numerical calculation involves spatial Fourier expansion of the EM field and of the dielectric function in each sublayer of the structure. The EM field determined by the RCWA satisfies Maxwells equation within each sublayer as well as the boundary conditions between adjacent layers. The numerical accuracy is only limited by the number of orders used in the Fourier expansion. The typical number of Fourier modes we used is 106. If not stated otherwise, the incident electromagnetic plane wave is normal to the grating plane and the vector of magnetic field is parallel to the z-direction (TM polarization). Figure 2 shows the calculated transmission coefficient against the normalized frequency p/λ. There are two types of enhanced transmission. The first one is a FabryPerot resonance (five lowest resonances at p/λ = 0.65, 1.30, 1.82, 2.32) are marked by arrows in Fig. 2 To identify the physical origin of these resonances, we gradually change one of the parameters of the structure and investigate how the transmission spectrum changes compared to the reference one shown in Fig. 2 . Figure 3 shows how the transmission spectra changes when the angle of incidence (in the xz plane) increases from 0
• (this is the reference curve from Similarly, a changing air gap width h affects the position of Fabry-Perot type maximum ( Finally, we probe transmission against the grating period p. As it is seen in Fig. 6 , position of Fabry-Perot maxima is left unchanged and the sharp Fano resonances are shifted to the right for decreasing grating period p and become less sharper.
III. THEORETICAL FRAMEWORK
In this section we present an interpretation of the origin of enhanced transmission phenomenon. We show that Fano-type sharp peaks are caused by the interac- tion of incident EM wave with surface plasmons propagating along the surface of the metallic grating. The excitation of these lengthwise (LW) plasmons is possible thanks to the spatial periodicity of the grating. Similarly, Fabry-Perot-type resonances are due to crosswise (CW) plasmons excited and guided along the air gap resonators (Fig. 7) .
A. Lengthwise plasmons
Consider a homogeneous metallic slab with thickness d and negative relative permittivity ε m given by the real part of Eq. 1. The metal slab is surrounded by dielectric relative permittivity ε d . The dispersion relation for the TM polarized surface waves excited on both sides of the metal-dielectrics interface is given 1,2,15 as
for the symmetric plasmon, and
Three types of surface plasmons, namely lengthwise symmetric (A left) and antisymmetric (A right) plasmon and crosswise (B) symmetric plasmon, play role in enhanced transmission.
for the antisymmetric one. Parameters κ m z and κ d z determine exponentially decreasing intensity of the EM field by the distance from the metal-air interface:
Here, k = ω/c is the wave vector of the incident wave in vacuum and k x is the x-component of the plasmon. Since ε d is positive, Eq. 5 would be satisfied only if k x > k for ε d = 1. This is not achievable solely by the incident k x = k sin ϕ (ϕ is the angle of incidence), therefore the grating periodicity is required to modulate k x :
Using Eqs. (2-6) we numerically obtain the positions of lengthwise plasmon resonances for different integers m versus the slab thickness d. Results are plotted in Fig. 8 for normal incidence.
As it follows from Eq. 6, the position of the LW resonance strongly depends on the angle of incidence and period p. On the other hand, the dependence on the thickness is weak, at least for sufficiently large d. However, air gap width has some effect on this resonance since it changes the effective relative permittivity of the metallic grating (Fig. 5) .
Considering these observations of numerical data from transmission spectra (Figs. 3, 6 and 4) we conclude that Fano-type sharp resonances are generated by lengthwise plasmons propagating on interfaces along the grating. Evidently, lengthwise plasmon resonance creates negative transmission effect in conjunction with Ref. 5 . In contrast to Ref. 5 we can not confirm that these resonances are closely related to diffraction orders. Although the first two sharp resonances are close to the positions of diffracted orders (because the dispersion curve of the plasmon lies very close to the light cone ω = ck), higher order resonances are not connected to higher diffracted orders (see Table I ).
B. Crosswise plasmons
Crosswise plasmon resonance propagates across the grating along the interfaces of air gap (see Fig. 7 ). Corresponding equations are similar to that for LW plasmons:
for the symmetric mode and
for the antisymmetric mode. Again, κ m x and κ d x determine exponential decrease of the EM field by the distance from the air-metal interface
The wave vector in the z direction, k z , is given by a Fabry-Perot resonance condition
Accordingly, the wave is guided through the air gap if k z is supported by the gap-resonator's length d. Solving Eq. 7-11 resonant frequencies are obtained versus the grating thickness d (Fig. 8) . Apparently, there is no resonance for the antisymmetric mode for the displayed interval 0 < p/λ < 3.
Crosswise plasmon resonance does not depend on the incident angle ϕ and grating period p but it depends on the thickness d and gap width h (refer to Figures in Section II and Fig. 9 ). This supports the idea that FabryPerot type resonances are due to plasmons propagating inside air gaps.
C. Identifying plasmon resonances
We use the presented model for the identification of numerically calculated resonances. Calculated resonant frequencies, summarized in Tables I and II confirm that there is a very good agreement between rigorous calculations and the model. For grating thickness d = 300 nm symmetric and antisymmetric LW plasmon resonances are barely distinguishable. To test the theory, we calculate the transmission spectra for thickness d = 39 nm (Fig. 10) . Now, the first (m = 1) symmetric and antisymmetric LW plasmon should appear at 0.98 and 1.00, respectively. The second and the third antisymmetric and symmetric modes are clearly distinguishable at 1.86 and 1.96 (m = 2) and 2.58 and 2.84 (m = 3). This agrees with observed positions of antisymmetric LW resonances (1.00, 1.90 and 2.62) and symmetric LW resonances (1.96 and 2.80). Apparently, the first symmetric resonance is suppressed by the first antisymmetric resonance.
Apart from plasmonic resonances, we observe a transmission dip at wavelength p/λ ∼ 0.68. The position of this dip depends on the width of the air gap and on the thickness of the grating. The incoming EM wave stops to (Fig. 3) to the prediction of the model. interact with the metallic grating for frequencies below this dip, thus the transmission increases to unity for the limit λ → ∞.
IV. LEFT-HANDED MATERIAL GRATINGS
In this Section we apply the previous theory to the transmission of EM wave through periodic grating made of left-handed metamaterial (LHM). We characterize the metamaterial by the frequency dependent permittivity and magnetic permeability using the model described in 15 . The permittivity is given by Eq. (1) but with plasma frequency f p = 10 GHz and absorption γ = 0.01 GHz. Frequency dependent permeability is given by the relation
used for the description of the effective permeability of periodic array of split-ring resonators 16 . The resonant magnetic frequency f 0 = 4 GHz and filling factor F = 0.56. The grating possesses a transmission band within the frequency interval
Bellow and above this transmission band, the metamaterial behaves as a metal with frequency dependent positive magnetic permeability. Figure 11 shows the dispersion curves of three surface plasmons propagating along the interface LHM -air 15, 18 . Since the permeability of the LHM is negative on frequency interval (0.4, 0.6), a TE polarized surface wave might also be excited. Figure 12 presents the frequency dependent transmission through the LHM grating. As expected, transmission is close to unity within the LHM transmission band (Eq. 13). Nevertheless, we observed strong Fano resonances here (not clearly visible in the Fig. 12 ) due to the coupling of incident EM wave with LW guided waves 19 propagating along the air-LHM-air structure in the x-direction and z-direction. For the TM modes, the dispersion curves are
for the symmetric and antisymmetric modes, respectively. Here,
and
for the LHM and air, respectively. The value of k x is given by Eq. 6. On the frequency region f < f 0 we observe a series of transmission maxima which could be identified as FabryPerot resonances based on the excitation of CW plasmons inside air gaps. Since the thickness of the grating is rather large (d = p), we observe large number of CW plasmons (Fig. 13) . These plasmonic resonances exist also in the transmission band (Eq. 13). Above the transmission band, CW plasmons cause weak oscillations of the transmission (not visible in Fig. 12 ).
For the TM polarization, we identify two LW plasmon resonances at wavelengths p/λ = 0.396 and 0.65. The latter is less pronounced since the exponential decay of plasmon is very slow dκ LHM ∼ 1. We have not succeeded to identify the TE LW plasmon resonance, expected at p/λ ≈ 0.485, because the transmission of the TE wave also fluctuates in the LHM band (Eq. 13) due to excitations of CW plasmons. We have shown that enhanced transmission phenomena for periodic metallic gratings are caused by two clearly distinguishable plasmon resonances, namely lengthwise and crosswise plasmon resonances. Lengthwise plasmons (symmetric or antisymmetric) propagate along the two interfaces induced by the grating period. Crosswise plasmons propagate inside the air gaps. Only symmetric CW plasmons were observed. In the metallic gratings, the frequency of antisymmetric CW plasmons is much higher for a narrow air gap, and in the LHM gratings, antisymmetric CW plasmons lie very close to the LHM transmission band (Fig. 11) .
For completeness, we note that another excitations exist in the air gap, namely the guiding modes with both components of the wave vector, k x and k z , real inside the gap. However, similarly to antisymmetric CW plasmons in metallic gratings, the frequency of these excitations is not accessible neither for metallic nor for the LHM gratings. Our analysis does not consider the role of the absorption, which is given by the small absorption parameter γ in the frequency-dependent permittivity. Good agreement of transmission data with the prediction of the model indicates that for these parameters the transmission does not play significant role in the propagation of EM wave.
We have shown that plasmon resonance does not rely on diffracted orders but solely on the dispersion relation of propagating plasmons. Our rigorous calculations were used to prove the validity of a simple model of propagating plasmons. This simple model can be used to identify the type of enhanced transmission phenomenon (lengthwise or crosswise plasmon resonance) and to design various metal filters with subwavelength features which support enhanced transmission.
